The influence of a conducting layer on the magnetic flux penetration in a superconducting Nb film is studied by magneto-optical imaging. The metallic layer partially covering the superconductor provides an additional velocity-dependent damping mechanism for the flux motion that helps protecting the superconducting state when thermomagnetic instabilities develop. If the flux advances with a velocity slower than w = 2/µ0σt, where σ is the cap layer conductivity and t is its thickness, the flux penetration remains unaffected, whereas for incoming flux moving faster than w, the metallic layer becomes an active screening shield. When the metallic layer is replaced by a perfect conductor, it is expected that the flux braking effect will occur for all flux velocities. We demonstrate this effect by investigating Nb samples with a thickness step. Some of the observed features, namely the deflection and the branching of the flux trajectories at the border of the thick centre, as well as the favoured flux penetration at the indentation, are reproduced by time-dependent Ginzburg-Landau simulations.
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PACS numbers:
I. INTRODUCTION
It has been recently shown that magnetic flux avalanches triggered in a superconducting film are diverted from their initial trajectory when they encounter a conductive layer deposited on top of the superconductor, but electrically insulated from it 1-4 . This phenomenon arises from the electromagnetic braking of the flux propagation, caused by the eddy currents induced in the conductive layer [5] [6] [7] [8] . The question as to whether a single element of the flux front, i.e. a superconducting vortex, could also undergo any deflection of its trajectory when entering in the region covered by a conducting layer, has been recently tackled by appealing to a classical analogy, consisting of a magnetic monopole (the vortex) moving in the vicinity of a metallic film 2 . For a conducting layer without borders, Faraday's induction law indicates that a positively charged magnetic monopole moving at a velocity v, at a constant distance from the top of the layer, generates a trail of positive and negative images, receding with a velocity given by w = 2/µ 0 σt,
where σ is the cap layer conductivity and t is its thickness [9] [10] [11] [12] . Depending on the ratio v/w, two distinct limiting situations appear. For low velocities, v/w 1, the trail of negative images dominates over the positive images (see Fig. 3 of Ref.
2), giving rise to a drag force ηv, where η is the damping coefficient, constant in this velocity regime. At high monopole velocities, v/w 1, only the positive image located just below the monopole remains and the drag force will tend to zero, i.e., η → 0. In between these two regimes the drag force reaches a maximum value at v/w ∼ 1. 27 . Considering a 500 nm thick Cu layer, w ∼ 60 m/s at 10 K, whereas v can be as high as 1000 m/s in a Nb film 13 , so that flux quanta motion may cross over these two dynamic regimes.
A possible way to reach extreme high flux propagation velocities v consists in triggering flux avalanches 14 or kinematic vortices 15 with typical velocities much higher than those of Abrikosov vortices 16 . Recent experiments have indeed shown that a thick Cu layer on top of a superconducting Al film leads to changes in the dynamic response as seen in the voltage-current characteristics at high drives 17 . However, in the high speed regime, the nature of the vortex changes, the temperature locally rises, and the classical analogy brought up in Ref.
[2] is no longer strictly valid. An alternative way to explore the high velocity regime while keeping the Abrikosov vortex structure is to substantially decrease w, either by increasing σ or t. Notice however that when t becomes comparable to the skin depth, further increase of the metal thickness will not impact w. In this context, it is interesting to consider the limiting case of a conductive layer with infinite conductivity, where the damping contribution of the eddy currents become negligible, in opposition to the velocity-dependent case when using a normal metal. The closest way to implement a perfect conductivity layer is to replace the metal by a superconducting film. As originally discussed by Giaever 19 , the resulting superconducting bilayer separated by a thin insulating film exhibits electric and magnetic responses similar to those obtained for two films directly short circuited. This happens because the magnetic coupling between the two collinear pieces of the vortex increases as the thickness of the insulating film decreases. In the limiting case of no insulating layer at all, this corresponds to a superconductor with a step in thickness. It is precisely the investigation of this limiting case that motivates the present work. To that end, we first extend our previous investigation 2 by exploring the variations of the conductivity and thickness of a metallic layer deposited on top of the superconductor. Interestingly, these measurements suggest that certain precautions need to be taken to ensure that the invasiveness of the magneto-optical imaging (MOI) technique remains to a minimum level 18 . We then address the particular case of very high conductivity, corresponding to a superconducting film with a step in thickness, the central part of the sample being thicker than its borders. As anticipated above, this system can be considered as the superposition of two superconducting films of different thickness. The MOI technique shows that at low enough applied fields, the flux front is unable to penetrate into the thicker part of the sample. This effect is further reinforced by the increase of line vortex energy, not considered in the classical model. This behaviour contrasts with what is observed in a sample with a thinner center. In the last section, we discuss the flux penetration and interaction with a thickness step at the single vortex level as described by time dependent Ginzburg-Landau simulations. The present study is also relevant for understanding the flux penetration in superconducting samples with terraces and thickness modulations 20 , and complements early investigations of static flux distributions near surface steps 21, 22 and in mesoscopic samples 23 .
II. EXPERIMENTAL DETAILS
Sample fabrication.-The superconducting samples partially covered by a metallic layer are 2 × 2 mm 2 Nb films with thickness of 140 nm, and are fabricated on a 2" Si wafer by e-beam evaporation in a UHV system. A sketch of the resulting heterostructure is represented in Fig. 1(a) . A 5 nm thick SiO 2 layer is deposited on top of the Nb by magnetron sputtering, in order to avoid proximity effects between the superconductor and the metal. In a subsequent process step, either a 500 nm thick copper or 100 nm thick gold layer of polygonal shape, defined by optical laser lithography, is evaporated on top of the structure. The metallic polygon is placed away from the sample borders so as to permit magnetic flux avalanches to be triggered freely at the borders of the Nb film. Moreover, this particular shape allows the flux front to reach the metal at different angles of incidence.
The samples with a central thickness step, represented in figure 2(a) and (e), were fabricated according to the following protocol: a 200 nm thick Nb film was deposited by dc-sputtering on a 2" Si wafer, with a deposition rate of 0.67 nm/s while keeping the substrate at room temperature. It was then coated by a protective photoresist layer before dicing the substrate to a smaller size (20×30 mm 2 ). After cleaning with acetone, a negative tone photoresist mask was defined, shaping the polygonal central part of the sample. Ar ion milling was performed until the thickness of the uncovered Nb was reduced down to 140 nm, so they can be readily compared with the samples with a metallic capping layer. To fabricate the thin center samples, an additional step was realised, consisting in the preparation of a second soft mask of positive photoresist defining the central part of the Nb sample. This was followed by an ion milling of the thin center to reduce its thickness to 80 nm. A last soft mask of positive photoresist defining the square shape of the outer rims of the samples was then prepared, before etching away the surroundings of the squares with CF 4 . A final dicing step was performed in order to have individual chips, each carrying one of the co-fabricated samples. At the middle of each side of the samples square outer rim, a 10 µm long triangular indentation was lithographically defined in order to facilitate the penetration of magnetic flux through this point 24 and to better visualize the influence of the thickness step. For the sake of comparability, the geometrical shape of the central thickness step has been made identical to that used for the metallic layer. The superconducting properties of the Nb films have been studied in Ref. 24 , giving the following parameters: the transition temperature T c = 9 K and the coherence length ξ = 9.7 nm.
Magneto-optical imaging.-The MOI technique is employed to image the magnetic flux distribution and relies on the Faraday effect in an indicator film placed on top of the superconducting specimen. A beam of polarized light will have its polarization rotated proportionally to the local value of the magnetic field in the indicator, providing us with bidimensional images of the magnetic field profile, where the bright (dark) areas correspond to higher (lower) fields 25, 26 . The indicators used in the present work are Bi-substituted yttrium iron garnet films (Bi:YIG) with in-plane magnetization, and they are covered with a 100 nm-thick Al mirror. The images of the magnetic flux distribution were processed using the ImageJ and Matlab softwares, namely to remove the constant background and correct for the inhomogeneous illumination of the sample.
III. MAGNETIC IMAGING OF FLUX PENETRATION
In order to assess the influence of a metallic layer on the superconductor, we first recorded the flux penetration in Nb films partially covered by a metal (either 500 nm thick Cu or 100 nm thick Au), represented in figure 1(a). Panel (b) shows the magnetic field in the Nb film with 500 nm thick Cu after cooling down to 5 K and subsequently applying an out-of-plane field µ 0 H = 4.8 mT (zero field cooling procedure). From the image, it is clear that the flux penetration is undisturbed by the metal. This can be understood by comparing the velocity v at which the vortices move, typically a few meters per second, with the receding velocity of the images in the copper, w Cu ∼ 60 m/s, estimated from equation (1) by using for the resistivity the values listed in Ref. 27 . Since v w (low velocity regime), the braking force is small and the repulsion force at the metallic layer border, coming from the asymmetry in the eddy currents, is negligible. In contrast to that, at low temperatures, the heat generated by the flux motion cannot be efficiently evacuated 28 and a thermomagnetic instability regime appears, giving rise to an abrupt avalanche-like flux penetration moving at velocities 29 v ∼ 10 − 100 km/s. In other words, in this regime v w and a strong inductive response from the metallic layer is expected. This situation is represented in Fig. 1(c) , where the temperature has been decreased to 2.5 K, before applying µ 0 H = 2.5 mT. In this case, the repulsive force at the interface tends to its maximum value and the flux is prevented from entering the region covered by the copper layer. By further increasing the magnetic field up to µ 0 H = 4.8 mT (Fig. 1(d) ), the flux first accumulates at the border of the metallic layer and then overcomes the repulsive force of inductive origin, thus penetrating the covered area. The comparison with the flux penetration under the same conditions in a bare Nb film, represented in Fig. 1(e) , highlights the efficiency of the copper layer for shielding the central region of the sample. The efficiency of the screening can be evaluated with the parameter R, defined as
where I covered and I bare correspond to the light intensity in grayscale, averaged over all the pixels lying respectively in the part of the sample covered by the polygonal metallic layer and in the bare superconductor. When the screening is perfect, R should be equal to zero. In Fig. 1(c) , the noise and the slight penetration at the borders of the Cu polygon give us a finite but small value R = 0.10 ± 0.02. On the other hand, in the absence of capping layer, as in Fig. 1(e) , the ratio is maximum and has a value of 0.80 ± 0.10 for µ 0 H = 4.8 mT if we consider a fictive polygon covering an area of the same dimensions as in the other samples. The efficient screening we observed in Fig. 1(d) gives R = 0.35 ± 0.05 in the Nb film covered by 500 nm thick Cu, much smaller than the value for the bare Nb. It is interesting to point out here that such a thick Cu layer on top of the superconductor can increase the effective heat removal coefficient. In this case, it has been predicted 30 that the areal size of the avalanches is reduced when compared with an uncovered superconducting film. However, the case discussed in this manuscript is somewhat different since first avalanches are triggered from an uncovered rim of the film and only enter later on in a region covered by Cu.
Let us now consider the case where w ∼ v. Under this condition, the repulsive force at the interface is smaller than for v w, and hence the screening power of the metallic layer will be weakened. A way to increase w consists, according to Eq. (1), of changing the properties of the metallic layer, either by reducing its thickness or increasing its resistivity. Therefore, we used a 100 nm thick Au layer, having a resistivity 27 between 2 and 8 times bigger than Cu. This gives a corresponding value of w ∼ 3000 m/s. The magnetic flux distribution for this sample is represented in Fig. 1(f) and shows a weak screening in the area covered by the gold, associated with a ratio R = 0.61 ± 0.10, indeed representing a very weak screening power. We can use this result to comment on the largely assumed non-invasiveness of magneto-optical imaging technique. Usually, the mirror deposited on the garnet is made of Al or Au with a typical thickness of 100 nm, similar to the configuration shown in Fig. 1(f) . However, unlike in Fig. 1(f) where the metal is in contact with the superconductor, the distance between the mirror in the magneto-optical layer and the sample surface falls normally in the micrometre range, or of a few hundreds of nanometres if the garnet is physically pressed against the sample surface. The mirror has therefore a minor effect on the structure of avalanches and triggering conditions. Nevertheless, as already pointed out in Ref.
[2], special attention needs to be paid for thick mirrors or superconductors deposited in direct contact with the mirror.
As we pointed out above, the maximum screening power of the metallic sheet is obtained in the dynamic regime where v w. This was previously illustrated in the Nb-insulator-Cu trilayer invaded by flux avalanches. In this case, the high speed flux propagation does not actually correspond to a train of individual flux quanta, but rather to the propagation of a normal/superconductor interface. The question as to what extent the same behaviour is expected for flux quanta keeping their tubular morphology (i.e., at low v) could be tackled by making w as low as possible. Equation (1) tells us that this condition can be met by increasing the conductivity of the layer to its upper limit, for instance, by using a superconducting film. The final superconductor-insulatorsuperconductor trilayer will effectively respond as a single superconducting layer with thickness modulation (see Fig. 2(a) ) as long as the critical temperature of both superconducting layers is the same and the thickness of the insulator remains substantially smaller than the magnetic penetration depth.
The upper row of Fig. 2 summarizes the results for a Nb square film covered in the center by a Nb layer, thus forming a central step. The layout is the same as for the Nb films with metallic capping, except for 10 µm long triangular indentations at the middle of the sample's border, aiming to ease the flux penetration at that particular position. This feature will help us to identify the effect of the thickness step on the flux front propagation. Indeed, as clearly evidenced by the MO images in Fig. 2 , the indentations act as flux faucets as a consequence of a combined effect of current crowding and the formation of parabolic discontinuity lines 24 . At low fields, when the sample is in the Meissner state, screening currents running around the sample perimeter are forced to circumvent the triangular indentations, leading to an increase of the streamline density at the vertices of the indentation [31] [32] [33] [34] [35] [36] . This locally higher current density favors the penetration of flux quanta through this particular point of the structure. Fig. 2(b) clearly shows that in the smooth flux penetration regime, the parabolic flux penetration is arrested at the border of the step, where the sample thickens from 140 nm to 200 nm, and is guided along this border (the guidance is particularly prominent for the tilted borders). This effect has two distinct sources: the electromagnetic braking and the penetration barrier at the thickness step, produced by the increase of vortex core energy. On the one hand, the thickness step leads to a change in the energy U associated to the vortex cores. The vortex-line energy per unit length is given by
where Φ 0 is the fundamental flux quantum, λ is the magnetic penetration depth and ξ is the coherence length.
Since the core energy U (x) = t(x) varies across the thickness step ∆t = 60 nm, there appears a force pushing the vortex towards the thinner regions of the sample:
(4) We took λ ∼ 100 nm 38 and ξ ∼ 10 nm 24 , values obtained in samples similar to ours.
On the other hand, the flux deflection can be thought of as an extension of the previously reported results for a Nb film with a Cu layer to the case of very high conductivity (w = 0), for which an appreciable transverse force at the interface is expected no matter how slow the flux moves. In other words, for the structure under consideration, the condition v w is always satisfied and therefore, unlike for the Cu layer, flux deflection is observed also in the smooth field penetration regime (i.e., in the isothermal critical state). Assuming that the vortex field is described by a magnetic monopole with charge q = 2µ 0 Φ 0 , located at a distance λ below the surface of the superconductor 39 , the repulsive force has a maximum close to the step, where it is given by
Note that while this force is significantly smaller than F core , it has a much longer range. Indeed F core acts on vortices located at distances from the step on the order of ξ, while the range of F eddy is on the order of λ (half-width at half maximum). Panel (c) of Fig. 2 shows that within the regime of abrupt flux penetration at T = 3 K for a field H = 0.92 mT, the Nb overlayer, likewise the Cu layer, impedes the flux to enter the region underneath (R = 0.09 ± 0.02). Further increasing the field eventually forces some avalanches to enter into the protected area (Fig. 2(d) ), leading to an increased value of R = 0.32 ± 0.05.
We would like to stress that caution must be exerted when thinking of the thick superconducting central area as a perfect conductor. Indeed, there is an additional constant damping force coming from dissipation in the normal cores of the vortices that can never be suppressed, regardless of the velocity. Therefore, as far as damping is concerned, a superconductor will show a different behaviour compared to a perfect conductor, since the braking force is always zero in the latter. However, in the case of the deflection of a vortex, considering a perfect conductor or a superconducting capping layer is equivalent, as what matters is the distribution of the eddy/screening currents in the layer. Therefore the repulsive force felt by a vortex approaching the layer will be the same in both cases. This is true as long as we are not too close to the step, i.e. at distances ∼ ξ, where the energy associated with the flux lines dominates over the influence of the eddy currents. Replacing the perfect conductor by a normal metal will only decrease the intensity of the repulsive force, accordingly to the eddy currents dependence to conductivity.
For the sake of completeness we have also investigated a sample where the thickness decreases from 140 nm to 80 nm at the central region (lower row of Fig. 2 ). This could be considered either as the limiting case of a conducting layer covering the rim of superconductor, or simply as a reduction of the damping in that central area. As evidenced by panel (f) in Fig. 2 , nothing impedes the flux from invading the central part of the superconductor. In this panel, a non intentional second penetration point can be identified on the top border. This results from a sample imperfection smaller than the nanostructured indentation. We also observe the presence of a dark line in the flux penetration profile, outlining the thickness step. This is caused by the discontinuity in the value of the critical current across the step. In reality, the screening current streamlines -which would otherwise be parallel to the borders of the film -are deformed by the presence of the indentations, and are forced to circumvent them. As a consequence, nearly parabolic discontinuity lines are formed 24 , as seen in Fig. 2(f) . Upon increase of the applied magnetic field, the deformation of the streamlines propagates further inside the film. As they encounter the thickness step and the associated decrease of the thickness-dependent critical current 40 , a sudden bend of the lines is in order, expressing the fact that their densities are different on both sides of the step. This local change in the current direction is the cause of the discontinuity lines parallel to the step borders, which are clearly seen in panel (f) of Fig. 2.  Fig 2(g) shows the avalanche-like flux penetration at T = 3 K for a field µ 0 H = 0.92 mT. As for the smooth penetration, there is no barrier for the flux penetration into the thinner central part. The branches of the avalanches seem to become wider and more blurred in the thinnest region. This effect is caused by the fact that the central region is further away from the MOI garnet than the rims of the sample, and therefore the stray field emanating from the avalanches is more spread when reaching the garnet.
The large electric fields and the larger traffic of vortices at the border defects should cause the indentations to be preferred nucleation spots for the development of thermomagnetic instabilities 35 . In contrast to that expectation, we do not observe more frequent occurrence of thermal flux avalanches at the indentations, but rather the opposite (i.e., avalanches avoid the indentation) confirming a recent experimental report 24 . An explanation for these counter-intuitive results is still lacking.
In the pioneer work of Wertheimer and Gilchrist 14 it was shown that the speed of flux jumps in Nb decreases with increasing thickness and increasing normal state conductivity. This behaviour was explained in terms of speed limitation by eddy currents. In our study, since the rim of the samples with thinner and thicker center has always the same thickness, the avalanches are triggered with similar velocities. However, since the thickness is increased in the central part of the thick center sample, the avalanches tend to decelerate their motion, while for the thin center, the thickness decreases and thus they accelerate. Recently Vestgården and co-authors 41 showed numerically that the threshold field H th needed to trigger avalanches increases linearly with sample thickness. This was also confirmed by experimental studies 42 , and avalanches become straighter with fewer and thicker branches. This seems to be in agreement with the experimental observation reported here.
IV. TIME-DEPENDENT GINZBURG-LANDAU SIMULATIONS
In view of the fact that the reported magneto-optical investigation reflects, in a macroscopic scale, the interaction of vortices with the thickness modulation, it is interesting to review this phenomenon at the individual vortex level. To that end, we provide simulations based on the time-dependent Ginzburg-Landau (TDGL) equations for a sample with triangular border indentations and having a polygonal shaped thinner or thicker center, as in the experiments. For the sake of keeping the computation time within reasonable limits, the simulated sample size is scaled down to a 2 µm ×2 µm square. A similar system has been recently addressed numerically by Barba-Ortega and co-workers 43 . The coherence length ξ is 16 nm and the (bulk) penetration depth λ is 120 nm. Therefore, the simulations can still be compared with our experimental results, since λ and ξ are much smaller than the sample dimensions.
An effectively two-dimensional TDGL equation for the order parameter ψ, normalized to 1 and averaged over the inhomogeneous thickness d(x, y) of the superconductor, can be written as 44, 45 ∂ ∂t
Here, ϕ and A are the scalar and vector potentials, respectively, averaged over the superconductor thickness, and ∇ 2 = e x ∂/∂x + e y ∂/∂y. All the relevant quantities are made dimensionless by expressing lengths in units of
, and scalar potential in units of 2k B (T c − T )/(πe). Here, Φ 0 = π /e is the magnetic flux quantum, µ 0 is the vacuum permeability, and H c2 is the second critical field.
The distribution of the scalar potential ϕ is determined from the condition ∇ · j = 0, which reflects the continuity of currents in the superconductor. The total current density j is given by the sum of the normal and superconducting components: 
where σ is the normal-state conductivity, which is taken as σ = 1/12 in our units 46 . For a superconductor with varying thickness the aforementioned condition of current continuity can be expressed 44 in a 2D form:
The averaged vector potential A that enters in Eq. (6) can be represented as
Here the contribution A e corresponds to the externally applied magnetic field B 0 , while A s describes the averaged magnetic field, which is induced in the superconductor by the currents given by Eqs. (7) to (9) . For a superconducting layer with inhomogeneous thickness, the latter contribution takes the form
where κ = λ/ξ is the Ginzburg-Landau parameter and r 2 = e x x + e y y is the in-plane radius vector. The timeindependent symmetric kernel
is expressed through the function
with
Equation (6) with the scalar and vector potentials defined by Eqs. (10) to (12) and the superconductor-insulator boundary conditions, which assure zero values for both the superconducting and normal components of the current across the boundary, is solved numerically using the approach described in Refs. [47, 48] . The results are shown in Fig. 3 . For all quantities represented on the images, red corresponds to the highest values while blue corresponds to the lowest values.
The first column shows the thickness distribution in the sample: the outer part is 140 nm thick, while the central part is 200 nm thick (Fig. 3(a) ) and 80 nm (Fig.  3(e) ). We start with a vortex-free state at zero magnetic field, then a field of 0.06H c2 is applied, so that penetration of vortices is initiated. The simulations continue until a (meta)stable vortex state is reached. The second column (Fig. 3(b) and (f)) shows the squared superconducting order parameter |ψ| 2 whereas the third column (Fig. 3(c) and (g) ) corresponds to the self-field in the reached (meta)stable state. The upper images evidence the fact that the thickness step acts as a barrier for the incoming vortices, while nothing impedes the vortex motion towards the center in the thin-center sample. The last column (Figs. 3(d) and (h) ) represents the trajectories of the vortices captured by the parameter S(x, y), which is defined 49 as the root mean square of the rate of changes in the local Cooper pair density:
where t is the time variable and t 2 − t 1 is the time integration interval. The parameter S in a given point (x, y) strongly increases when this point is passed by a moving vortex core. Figures 3(d) and (h) demonstrate that the indentations at the superconductor edges act as flux taps and favor the penetration of vortices, as it is also clearly visible in our experimental results shown in Fig. 2 . Interestingly, the branching of trajectories observed in the experiments is also featured in the simulations, as the S parameter shows that vortices take different trajectories when they cross the thickness step, leading to the formation of several paths for flux penetration. It is worth emphasizing that the physics of individual vortices substantially differs from that of flux avalanches, and therefore particular care has to be exerted when drawing analogies between them.
V. CONCLUSION
In summary, we have used magneto-optical imaging to characterize the effect of a conductive layer on the magnetic flux propagation in a superconductor, for the smooth penetration as well as for the thermomagnetic instabilities regime. Magnetic flux moving at a velocity v in the vicinity of a conductor induces eddy currents, which in turn generate (i) a force repelling the flux from the border of the conductor, due the asymmetry of the current distribution there, and (ii) a braking force slowing down the flux propagation inside the conductor. When v w = 2/µ 0 σt, as in the Nb film partially covered by 500 nm thick copper, magneto-optical images show the clear deflection of flux avalanches, since the repulsive force is nearly maximal in this regime. However, when the Nb is covered by 100 nm thick gold, v ∼ w and the repulsive force is strongly weakened, leading to weak shielding of the flux from the central part. These measurements show that magneto-optical imaging can be considered as a non invasive technique as long as the distance between the indicator mirror and the sample surface lies in the micrometer range. In all cases, the metallic layer is inefficient to shield the flux in the smooth penetration regime, where v w. A way to keep a maximum repulsive force, even in the low velocities regime, is to replace the metallic layer by a superconductor (w ≈ 0). This situation has been approached using Nb films with a central step in thickness. The repulsive force is present at all flux velocities in the thick center samples, unlike in normal metals. However, in contrast to perfect conductors, there is a constant braking force in superconductors coming from the dissipation in the normal vortex cores, as well as a repulsive force in the vicinity of the border, coming from the vortex core energy. As expected, samples with a thin center area do not impede the flux penetration, but rather feature some blurring of the flux front in the central part. Time-dependent Ginzburg-Landau simulations performed for a smaller sample reproduce the features we highlighted experimentally, including the deflection and the branching of flux trajectories at the thickness step in the thick center sample. Moreover, these simulations confirm the role played by the indentations in the flux penetration, lowering the barrier for vortex entry.
